Effective mitigation of the risks posed by environmental contaminants for ecosystem integrity and human health requires knowing their sources and spatio-temporal distribution. We analysed the exposure to lead (Pb) in griffon vulture Gyps fulvus-an apex species valuable as biomonitoring sentinel. We determined vultures' lead exposure and its main sources by combining isotope signatures and modelling analyses of 691 bird blood samples collected over 5 years. We made yearlong spatially explicit predictions of the species risk of lead exposure. Our results highlight elevated lead exposure of griffon vultures (i.e. 44.9% of the studied population, approximately 15% of the European, showed lead blood levels more than 200 ng ml 21 ) partly owing to environmental lead (e.g. geological sources). These exposures to environmental lead of geological sources increased in those vultures exposed to point sources (e.g. lead-based ammunition). These spatial models and pollutant risk maps are powerful tools that identify areas of wildlife exposure to potentially harmful sources of lead that could affect ecosystem and human health.
Introduction
Among the wide variety of environmental contaminants contributing to ecosystem degradation worldwide [1] , lead (Pb) is a highly toxic metal that poses major environmental and health risks for people and wildlife [2] . Although the potential effects of lead poisoning at the individual level are described for many species [3] , much knowledge is still lacking on the possible effects of lead poisoning at higher ecological organization levels (e.g. populations, ecosystem functions) [4] . Nonetheless, lead is already known to jeopardize population viability for some species, e.g. the endangered California condor (Gymnogyps californianus) [5] . In fact, raptors, which are long-lived species at the top of food webs, are severely affected by lead poisoning [4] and have become valuable sentinels for monitoring lead exposure of wildlife, and perhaps even people [1] .
We determine blood lead levels in a population of griffon vulture Gyps fulvus at the core of the species' range in Spain and Europe (i.e. where approx. 20 000 breeding pairs are located, i.e. approx. 76% of the Spanish and approx. 58% of the European population) [6, 7] . This obligate scavenging raptor at the top of the trophic chain is a widely distributed species. It has a strong potential as a biomonitoring sentinel owing to its remarkable foraging abilities to rapidly locate and access carrion over large areas. Griffon vultures feed on carcasses often consumed by many other species, including threatened ones (e.g. Spanish imperial eagle Aquila adalberti) [1, 8] . The strong dependence of griffon vultures on human-mediated carcasses from livestock [9] and hunting [8] further enhances its usefulness for monitoring potential exposure to environmental contaminants on humans (e.g. consuming meat from livestock and big game) [10] [11] [12] . We identified the sources of lead using isotope analyses and used statistical models to more fully elucidate the principal exposure pathways [4] . We further develop yearlong spatially explicit predictions of the risk of subclinical, clinical and lethal lead exposure for the species. Thus, we provide managers with a more valuable tool for targeting lead reduction by timely focus on key areas and sources. Our findings fill heretofore critical knowledge gaps that have limited our understanding of the threat posed by lead poisoning to raptors, and that have impeded implementation of effective mitigation actions [4] .
Material and methods
The study was conducted in Aragón, expanding over 49 719 km 2 in NE Spain (electronic supplementary material, figure S1 ). The central part of the area, the Ebro valley, is mostly devoted to agriculture and intensive farming (i.e. pig, poultry and rabbit). Mountains in the north (i.e. Pyrenees), south and west (i.e. Iberian Mountains) host extensive livestock (i.e. cattle) and big game hunting. The area accounts for 21% of the Spanish and 15% of the European griffon vulture population (i.e. 5174 breeding pairs) [6, 7] . Although the Spanish breeding population continues to increase, declines in griffon vulture breeding performance have been linked to food scarcity after the implementation of European sanitary policies dealing with bovine spongiform encephalopathy [6, 9] . Also, the increasing number of cases of vultures killing livestock reported by the media fostered public concern on the issue, fuelling the implementation of supplementary feeding schemes in many regions of Spain [6, 9, 13] . In the study area, since 2005, a network of more than 50 feeding stations (RACAN) periodically supplies food (mostly livestock) to avian scavengers [13] .
We measured blood lead concentrations in 691 griffon vultures captured year-round from 2008 to 2012 at 25 supplementary feeding stations using baited walk-in traps (see the electronic supplementary material, S1.1 and figure S1 ). Whole-blood samples (approx. 2 ml) were collected into a heparinized tube and kept frozen (2208C) until analysis. Blood lead concentration (ng ml
21
) was determined through graphite furnace atomic absorption spectroscopy (i.e. GF-AAS; see the electronic supplementary material, S1.2) [14] . Individual characteristics (e.g. weight, wing length, sex; electronic supplementary material, table S1) were recorded for each captured bird. Vultures were ringed and wing-tagged to allow further monitoring. A total of 125 of the 691 marked vultures were located at their breeding colonies through inspection of rocky cliffs following census protocols (see the electronic supplementary material, S1.3 and figure S1 ) [6] .
Lead isotopes ( rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160662 supplementary feeding stations (i.e. 55.6% of the total sampled). After examining the distribution of blood lead concentrations (figure 1a), blood samples were randomly selected from each of the following groups: (i) well below the 200 ng ml 21 limit of abnormal exposure (i.e. below 20 percentile: 108 ng ml
, N ¼ 12; non-exposed), (ii) around both 50 percentile and mean blood lead concentration (i.e. 185-243 ng ml
, N ¼ 12; non-exposed and subclinical exposure) and (iii) above 90 percentile and close or over the 500 ng ml 21 level of clinical and potentially lethal exposure in raptors (i.e. more than 470 ng ml
, N ¼ 16) [3] . Isotope analyses were performed, after hydrogen peroxide/nitric acid digestion, with an inductively coupled plasma mass spectrometry system (ICP-MS) [15] . We used the resulting values to determine the two-tailed statistical probability that the isotope signature in a given vulture came from the distribution of potential lead sources (e.g. air, geology and lead ammunition) [5, 16] (see the electronic supplementary material, S1.4).
To identify the main factors determining blood lead exposure in griffon vultures, we examined statistical models with individual blood lead concentration (i.e. ng ml 21 ) as a: (i) , and potential lethal exposure: more than 1000 ng ml
) levels of lead exposure [3] . As explanatory variables, we considered factors potentially affecting lead exposure for griffon vultures at two spatial locations related to key ecological grounds for the species: (i) feeding stations and (ii) breeding colonies (see the electronic supplementary material, S1.5 and table S1). We used generalized linear mixed models for modelling blood lead concentration as a continuous response variable and cumulative link mixed models for modelling blood lead concentration as a categorical response variable (see the electronic supplementary material, S1.6). We used 70% of the dataset for training the models and the remaining 30% for validation. We used multimodel inference to select the best models and explanatory variables [17] . To address issues related to the reliability of model averaging approaches [18] , we also calculated single models including all factors together and single best models (i.e. those with the lowest corrected Akaike 0 s information criterion (AICc); see the electronic supplementary material, S1.6).
For each modelling approach (i.e. continuous and categorical response variables), we used the resulting averaged best models (i.e. Sv m ¼ 0.95; see above) to elaborate 5 km resolution predictive maps. We extrapolated the resulting regression equations to predict blood lead concentration in vultures across the study area. We accounted for the effect of random factors by including the intercept value of each feeding station or breeding colony into the regression equation when plotted at each location at the considered extent (i.e. 25 km 2 and 25-or 50-km radius, respectively). When overlapping, we retained the highest value for lead exposure. For the remaining study area beyond the influence of any feeding station or breeding colony, we used the regression equations without additional intercepts for random factors.
Results
The prevalence of lead exposure in vultures was 44.9%, i.e. 310 birds had blood lead concentrations above the considered 200 ng ml 21 exposure threshold (figure 1a figure 1d) . The 97.5% of the samples had 208/207 Pb ratios consistent with both geological and lead ammunition sources (figure 1b). All the vultures analysed had 206/207 Pb ratios that were not significantly different (i. Pb ratios consistent with geological sources, respectively (figure 1b and c). All the vulture samples analysed had isotopic signatures consistent with the lead sources considered here (electronic supplementary material, table S2). The averaged continuous model (i.e. considering blood lead concentration as a continuous response variable) centred at vultures' breeding colonies provided the best estimates of lead levels in all the modelling approaches considered, as shown by the significant high correlation among observed and expected values (table 1) . This model highlighted soil pH-a variable negatively correlated with soil Pb concentration-within the 25 km radius as a major factor explaining blood lead concentration in vultures (figure 2a). Total food supplies at vultures feeding stations within a 25 km radius around the colony positively influenced the vultures' blood lead concentration. The season also influenced blood lead levels, with higher values in winter. The colony-centred averaged model considering two categories of lead exposure correctly predicted blood lead concentrations for 90.5% of the cases (table 1) . It performed better than the averaged model considering four categories of lead exposure (i.e. 85.3% of correctly predicted cases). According to the averaged two-categorical model, soil Pb concentration within a 25 km radius around the colony was a major factor positively influencing blood lead concentration in griffon vultures. As in the continuous model, total food supplies at feeding stations and season played a key role. While farmed rabbit density within a 25 km radius around the breeding colony negatively influenced blood lead concentration in griffon vultures, the density of cows at the same extent had a positive effect.
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Blood lead concentrations increased with vulture size, reaching higher values in females than in males. When considering one single model with all explanatory variables together (see §2), the effects of soil pH and Pb were significant (i.e. p , 0.05). Models centred at feeding station also provided good estimates of lead levels-but performed worse than models centred at breeding colonies (table 1) . Soil pH and vulture size, reported as wing length, were the main factors explaining blood lead levels (figure 2b). The best single models performed worse than the averaged models in all cases but the categorical models centred at feeding stations. These models slightly improved model predictions by 0.5% in the two-level and 1.2% in the four-level categorical best model (electronic supplementary material, table S3).
As long as colony-centred models performed better than those at feeding stations did (table 1), we used the former to map the risk of lead exposure for griffon vultures. The resulting map predicted a higher risk of lead exposure for griffon vultures (i.e. blood lead concentration of more than 200 ng ml 21 ) in 17.9% of the study area. This risk concentrated mostly in the north and central-southwest of the area (figure 3a; electronic supplementary material, figure S2a). The two-categorical model showed a distribution of the risk of lead exposure quite similar to that provided by the continuous model ( figure 3b ; electronic supplementary material, figure S2b and c). This model also highlighted a higher risk for griffon vultures in the southeast of the study area. The map also shows the temporal variation in the risk of lead exposure between seasons, reaching a maximum area at risk in winter (i.e. 43.8% of the study area).
Discussion
Our year-around long-term monitoring data support the hypothesis that basal lead exposure of griffon vultures is elevated (i.e. 44.9% of vultures with blood Pb more than 200 ng ml
21
) from naturally occurring geological sources of environmental lead. This background exposure is exceeded when vultures are acutely exposed to point sources (e.g. lead-based ammunition), as shown by the different blood lead isotopic ratios found in birds with more than 470 ng ml
. The prevalence of lead exposure above background for griffon vultures in the study area is similar to that reported nearby (i.e. 40.0% in Castellón, Spain) [19] . Nonetheless, it differs from other locations in the Iberian Peninsula and elsewhere (electronic supplementary material, table S4). Griffon vulture lead exposure prevalence rates exceed by far those of other vulture species (e.g. 3.1% in Egyptian vulture Neophron percnopterus in mainland Spain; 18.4% in turkey vulture Cathartes aura in California) [20, 21] . Although some impact on griffon vultures' oxidative stress biomarkers has been reported for lead concentrations more than 150 ng ml 21 [19] , this species could have a greater tolerance to lead than other raptors [22] . In fact, seemingly asymptomatic griffon vultures with blood lead concentrations more than 1000 ng ml 21 have been reported rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160662 [19, 22] . The highest blood lead level recorded for griffon vultures in our study area was 6737 ng ml 21 , with 5.6% of samples collected (i.e. 39 birds) exceeding 500 ng ml
. The high survival rate of griffon vultures with substantial lead exposure (and their location at the top of the food chain or their foraging skills to rapidly locate carrion over large areas; see §1) makes them good sentinels for monitoring lead exposure for other wild species, including most raptors [1] . The strong dependence of griffon vultures on human-mediated carcasses (i.e. from livestock or hunting) could make it also suitable to identify potential harmful effects on human health (e.g. lead in game meat) [11] . Thus, through mapping the risk of lead exposure exceeding background for griffon vultures, managers can identify areas where taking actions to limit human and/or wildlife exposure to potential lead sources (e.g. banning lead ammunition in higher risk areas with the presence of threatened species, such as is already occurring with the California Condor) [21, 23] .
We provide such a spatially explicit prediction of the risk of lead exposure above background for the griffon vulture. Although they are recognized as powerful tools to deal with major conservation concerns such as lead exposure, these outputs are very limited in their availability [4] . Furthermore, our empirical models account for several potential lead sources simultaneously, identifying also a temporal pattern for the risk of lead exposure. The consistency of the model results with the isotopic analyses further highlights the usefulness of our approach-and of the resulting maps-as a powerful inexpensive tool for managers to handle lead exposure risks [4] . Thus, for example, our maps highlight that the highest risk of lead exposure for griffon vultures (i.e. blood lead concentration of more than 200 ng ml 21 ) in the study area occurs in the mountainous range ( figure 3 ; electronic supplementary material, figure S2 ). These mountains hold low pH and leadrich soils, grazing livestock and big game hunting, which are variables identified by the models as positively influencing lead blood concentration in griffon vultures. By contrast, plain areas, dominated by intensive farming, showed lower risks of lead exposure for vultures.
Both model and isotope analyses highlighted soil lead bioavailability (i.e. directly through high soil Pb levels and/ or indirectly through enhancing lead solubility at low soil pH values [24] ) as the main source for background (or environmental) lead levels in griffon vultures in our study area (figures 1 and 2). Vultures can indirectly ingest lead biologically incorporated by the large grazing animals they scavenge [11, 12] . Additionally, as vultures routinely drag carcasses across the ground when feeding, they could also directly ingest lead from topsoil [25] . The low gastric pH in birds of prey can promote the bioavailability of Pb present in the ingested soil [24, 26] . Contrastingly, high blood lead concentrations in avian scavengers are commonly related to the ingestion of the metallic form of lead, often present in hunting remains (see the electronic supplementary material, S2.1) [19, 21, 22] . In the study area, big game hunting concentrates in autumn and winter, a season identified by our models as the one with the higher risk of lead exposure for vultures (electronic supplementary material, figures S2 and S3). This is supported by our isotope analysis showing a significantly different 208/207 Pb signature for vultures with lead concentrations of more than 470 ng ml 21 (figure 1d). Moreover, the 206/207 Pb and 208/207 Pb isotope ratios of these vultures were consistent with ammunition sources from different world regions (figure 1b,c; electronic supplementary material, table S2). Other factors such as reducing feeding intensity just before the laying period-spanning from late December to mid-March-could influence the observed increase in the risk of lead exposure in winter [27] (see the electronic supplementary material, S2.1). Larger vultures (i.e. with larger wing length) could ingest more food, thus increasing their risk of lead exposure [28] . The higher blood lead levels of juvenile individuals could be related to several factors such lead (Pb) exposure (blood Pb concentration, ng ml -1 ) lead (Pb) exposure (blood Pb concentration >200 ng ml -1 ) rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160662 as they are expected to access to low-quality and quantity food [28] (see the electronic supplementary material, S2.1).
The better performance of the colony-centred models compared with those at feeding stations could indicate that griffon vultures in our study area do not rely solely on food provided at feeding stations but actively search for unpredictable food resources, as already reported elsewhere [27] . This would further highlight the need for minimizing lead presence even in those areas where feeding stations have been established to conserve avian scavengers through, for example, providing high-quality food supplies (e.g. without lead and/or veterinary drugs) [29] .
